Subcellular proteomics, as an important step to functional proteomics, has been a focus in proteomic research. However, the co-purification of "contaminating" proteins has been the major problem in all the subcellular proteomic research including all kinds of mitochondrial proteome research. It is often difficult to conclude whether these "contaminants" represent true endogenous partners or artificial associations induced by cell disruption or incomplete purification. To solve such a problem, we applied a high-throughput comparative proteome experimental strategy, ICAT approach performed with two-dimensional LC-MS/MS analysis, coupled with combinational usage of different bioinformatics tools, to study the proteome of rat liver mitochondria prepared with traditional centrifugation ( 
There has been a tendency to focus on subcellular proteomes concerning specific subcellular compartments and macromolecular structures of the cell (1) (2) (3) (4) (5) (6) . The separation of the protein mixture into organelles or other multiprotein complex fractions prior to a proteomics analysis can increase the probability of detecting low-copynumber proteins. Subcellular proteome research cannot only provide information about subcellular location of certain proteins and imply their function, but also tell us the whole-protein components of the specific subcellular fractions (organelles or other multiprotein complexes) and then help understand their structures and biological functions (1) (2) (3) (4) (5) (6) .
Mitochondria are ubiquitous organelles responsible for the energy metabolism of eukaryotic cells. They are best known for housing the oxidative phosphorylation machinery as well as enzymes needed for free fatty acid metabolism and the Kreb's cycle. Key steps of heme biosynthesis, ketone body generation, and hormone synthesis also reside within this organelle (7) . More recent studies suggest an additional role of the mitochondrion in ionic homeostasis, apoptosis, and aging (8 -13) . Consequently, many diseases have been attributed to mitochondrial defects, including Alzheimer's disease, Parkinson's disease, Friedreich ataxia, diabetes mellitus, malignant tumors, cardiovascular disease, and osteoarthritis (14 -24) . These findings have promoted increasing efforts to define the mitochondrial proteome and to discover new molecular targets for drug development and therapeutic intervention (7, 20, (25) (26) (27) (28) (29) (30) (31) (32) (33) .
Mass spectrometric methods and automation of a large part of the process including robotics application have continued to improve dramatically in recent years, allowing both increased sensitivity and higher throughput. Improved software and databases containing different species genesknown or putative-are also now available, allowing automated data processing of the large volume of acquired mass spectra. As a result, many largest subcellular proteome databases (1) (2) (3) (4) (5) (6) 34) , especially for mitochondria proteome, have been set (7, (25) (26) (27) (28) (29) (30) (31) (32) . For example, the largest two-dimensional (2D) 1 -PAGE map database by far for rat liver mitochondria contains 192 individual proteins from 1,800 spots (25) and for yeast mitochondria contains 253 individual proteins from 459 spots (26) . On the other hand, the largest shotgun proteome databases by far have been set for human heart mitochondria with 615 individual proteins (27) , for mouse mitochondria with 591 individual proteins (7) , for Saccharomyces cerevisiae mitochondria with 750 different proteins (28) , and for rat liver mitochondria with 227 unique rat proteins (29) .
In this new context, the perfect purity of intact protein complexes has been crucial to subcellular proteome research (35, 36) . In addition to conventional differential centrifugation (25) , many further purification methods such as density gradient centrifugation (7, 26 -29, 37) , immunoisolation (37) , and free-flow electrophoresis (38) have been applied to subcellular proteome research and have shown improved effects in identification of more specific subcellular proteins (29, 37, 38) . However, the co-purification of "contaminating" proteins is still the major problem in all the subcellular proteome research. For those largest mitochondrial proteome databases, only 33.3ϳ62.8% of the identified proteins have been annotated as mitochondrial proteins, while 14.1ϳ43.2% of them have been annotated as other organelle proteins and 9.9ϳ33.9% of them have no subcellular location annotation (7, (25) (26) (27) (28) (29) . Of the 192 proteins in the 2D-PAGE database for the rat liver mitochondrial fraction prepared by differential centrifugation, only 64 (33.3%) proteins have been annotated as mitochondrial proteins, while 83 (43.2%) proteins have been annotated as other organelle proteins and 45 (23.4%) proteins have no subcellular location annotation in Swiss-Prot database (25) . Of the 253 proteins in the 2D-PAGE database for the S. cerevisiae mitochondrial fraction purified with a three-step sucrose gradient, 159 (62.8%) proteins have been annotated as mitochondrial proteins, while 69 (27.2%) proteins have been annotated as other organelle proteins and 25 (9.9%) proteins have no subcellular location annotation (26) . In the 591 proteins identified in mouse mitochondria purified with a Percoll gradient, 163 proteins (27.6%) have not previously annotated as associated with mitochondria (7) . Among the 750 proteins identified in S. cerevisiae mitochondria purified with a three-step sucrose gradient, 436 (58.1%) proteins are known mitochondrial proteins, while a total of 208 (27.7%) proteins have not been localized so far, and 106 (14.1%) proteins have been reported to be located in other cellular compartments (28) . For the 227 rat proteins identified from the rat liver mitochondria purified with a Nycodenz gradient, 80 (35.2%) have been annotated as mitochondrial proteins in Swiss-Prot database, while 70 (30.8%) proteins have been annotated as other organelle proteins and 77 (33.9%) proteins have no subcellular location annotation (29) . Even though the peroxisome purified with a Nycodenz gradient were further immunoisolated, many mitochondrial and endoplasmic reticulum proteins have been detected (37) .
It is often difficult to conclude whether these "contaminants" represent true endogenous partners or artificial associations induced by cell disruption or incomplete purification (35) . At the same time, the novel proteins and proteins without subcellular location annotation need more evidence for their subcellular location. Experimental determination of subcellular location is mainly accomplished by three approaches: cell fractionation, electron microscopy, and fluorescence microscopy. As currently practiced, these approaches are time consuming, subjective, and highly variable (39) . With experimentally verified information on protein subcellular location lagging far behind, a series of bioinformatics tools such as PSORT (40, 41) , TargetP (40, 42) , SubLoc (43) , MitoProtII (44) , and Predotar (www.inra.fr/Internet/Produits/Predotar/) have been developed and widely used in many subcellular proteome data (25, 26, 28 -32) . PSORT was developed as an expert system that uses a set of 100 "if-then"-type rules based on analysis of characterized protein sequences from a variety of subcellular locations (40, 41) . TargetP, based on neural network programming, was developed to predict targeting of protein sequences to chloroplasts, mitochondria, and the secretory system using a knowledgebase derived from Swiss-Prot sequence entries (40, 42) . SubLoc is a prediction system for protein subcellular localization based on amino acid composition alone using a Support Vector Machine method (43) . MitoProt was developed to predict mitochondrial targeting and presequence cleavage sites based on a set of 47 known characteristics of presequences and cleavage sites (44) . Predotar is particularly good at distinguishing mitochondrial and plastid targeting sequences and recognizes the N-terminal targeting sequences of classically targeted mitochondrial and chloroplast precursor proteins. However, many problems are involved in the prediction (45) , and it is questionable whether the efficiency still holds when applied to proteome data (46) . Using an actual subcellular proteome dataset, we have shown that the sensitivity and specificity of PSORT and TargetP have been overevaluated previously. But interestingly, the combinational usage of TargetP and PSORT has a high specificity up to 0.86 for mitochondrial protein prediction (29) .
More recently, Dunkley et al. has just discussed that the use of comparative proteomics to analyze the relative levels of proteins in different organelle-enriched fractions can solute the problem of contaminants and distinguish between proteins from different subcellular compartments without the need to obtain pure organelles (36) . Implicated from the fact that further purified mitochondrial fractions enriched mito-chondrial proteins and decreased apparent contaminant proteins compared with crude mitochondrial fraction (29, 38) , we think that comparative proteomic research on the crude and purified subcellular fraction would be in favor of ascertainment of the specific subcellular proteins and exclusion of the contaminants. In the present study, we apply ICAT technology, a key strategy in comparative proteomic research (47) (48) (49) , to compare the crude mitochondrial (CM) fraction of rat liver prepared with differential centrifugation with the purified mitochondrial (PM) fraction further purified with a Nycodenz gradient. After 2D-LC-MS/MS analysis, a total of 169 proteins were identified and quantified. The ICAT data were evaluated according to Swiss-Prot annotation and prediction of five bioinformatics tools such as PSORT, TargetP, SubLoc, MitoProt, and Predotar. The prediction efficiency for mitochondrial protein of the five bioinformatics tools was compared. The results indicated that ICAT analysis coupled with combinational usage of different bioinformatics tools could effectively ascertain mitochondrial proteins and distinguish contaminant proteins and even multilocation proteins. Using such a strategy, many novel proteins, known proteins without subcellular location annotation, and even known proteins that have been annotated as other locations have been strongly indicated for their mitochondrial location.
EXPERIMENTAL PROCEDURES
Materials-Analytical reagent-grade chemicals were used throughout unless otherwise stated. Water was prepared using a Milli-Q system (Millipore, Bedford, MA). Nycodenz, formic acid, guanidine hydrochloride, sodium orthovanadate (Na 3 VO 4 ), and sodium fluoride (NaF) were obtained from Sigma (St. Louis, MO). Chemicals employed for gel electrophoresis were purchased from Bio-Rad (Hercules, CA). ACN with HPLC grade was obtained from Fisher (Fair Lawn, NJ). Trypsin sequencing grade was obtained from Promega (Southampton, United Kingdom). EDTA, EGTA, and PMSF were purchased from Amresco (Solon, OH). Adult male Sprague-Dawley rats were purchased from Shanghai Laboratory Animal Center (Jiu-Ting, Shanghai, China).
Differential Centrifugation Separation of Rat Liver Subcellular Fractions-Subcellular fractionation of rat liver was performed as described previously (29) . Briefly, Sprague-Dawley rats were sacrificed and the livers were promptly removed and placed in ice-cold homogenization buffer consisting of 200 mM mannitol, 50 mM sucrose, 1 mM EDTA, 0.5 mM EGTA, and a mixture of protease inhibitor (1 mM PMSF) and phosphatase inhibitors (0.2 mM Na 3 VO 4 , 1 mM NaF) and 10 mM Tris-HCl at pH 7.4. After mincing with scissors and washing to remove blood, the livers were homogenized in a Potter-Elvejhem homogenizer with a Teflon piston, using 10 ml of the homogenization buffer per 2 g of tissue. Centrifugation at successively higher speeds at 4°C yielded the following fractions: crude nuclear fraction at 1,000 ϫ g for 10 min; mitochondria at 15,000 ϫ g for 15 min; and microsomes at 144,000 ϫ g for 90 min. The final supernatant was the cytosol fraction. Each successive pellet was washed three times with the homogenization buffer. The centrifuges used were the Himac CR 21G highspeed refrigerated centrifuge and Himac CP 80MX preparative ultracentrifuge, both from Hitachi Koki Co. Ltd. (Tokyo, Japan).
Purification of Rat Liver Mitochondria Through Nycodenz Density Gradient Centrifugation-The procedures recommended by Nycomed Pharma and Invitrogen Life Technologies were followed as described previously (29) . Nycodenz was dissolved to 50% (w/v) in 5 mM Tris-HCl, pH 7.4, containing 1 mM EDTA, 0.5 mM EGTA, and a mixture of protease inhibitor and phosphatase inhibitors as above. This stock solution was diluted with buffer containing 0.25 M sucrose, 5 mM Tris-HCl, 1 mM EDTA, 0.5 mM EGTA, and a mixture of protease inhibitor and phosphatase inhibitors at pH 7.4. The crude mitochondrial pellets obtained from differential centrifugation were suspended in 12 ml of 25% nycodenz and placed on the following discontinuous nycodenz gradients: 5 ml of 34% and 8 ml of 30%, and this was topped off with 8 ml of 23% and finally 3 ml of 20%. The sealed tubes were centrifuged for 90 min at 52,000 ϫ g at 4°C. The bands of particles seen after centrifugation have been identified by Nycomed Pharma and Invitrogen Life Technologies as follows: nuclei at the 40/50% interface; peroxisomes at the 34/40% interface; mitochondria at the 25/30% interface, lysosomes at the 15/20% interface, and Golgi membranes at the 10/15% interface. The band at the 25/30% interface was collected and diluted with the same volume homogenization buffer and then centrifuged at 15,000 ϫ g for 20 min.
Protein Preparation-The mitochondria pellets from differential centrifugation (CM) and nycodenz density gradient purification (PM) were respectively suspended in lysis buffer consisting of 8 M urea, 4% CHAPS, 65 mM DTT, 40 mM Tris, sonicated at 100 W for 30 s, and centrifuged at 25,000 ϫ g for 1 h. The supernatants were collected as CM and PM fractions. The protein concentration was determined by the Bradford assay. Then the protein samples were directly used for 2D-PAGE or ICAT analysis after another precipitation and redissolving.
ICAT Analysis-ICAT analysis was performed using Cleavable ICAT TM Reagent Kit (Applied Biosystems, Foster City, CA) according to the manufacturer's guidelines with some modifications. For ICAT analysis, the protein samples were precipitated overnight with 5ϫ volumes of Ϫ20°C 50:50:0.1 volumes of ethanol:acetone:acetic acid and resolubilized in denaturing buffer (6 M guanidine hydrochloride, 100 mM TrisCl, pH 8.3). One hundred micrograms of the CM or PM protein sample in 80 l of denaturing buffer were reduced at 37°C for 2 h with 5 mM tributylphosphine (Bio-Rad) and alkylated at 37°C for 2 h in the dark with ICAT-light and ICAT-heavy reagent, respectively. After reaction, ICAT-light and ICAT-heavy reactants were mixed together and exchanged into 100 mM ammonium bicarbonate, pH 8.5, with ultrafiltration through 3-kDa Microcon Centrifugal Filter Devices (Millipore). The buffer-exchanged sample was digested with 4 g of trypsin (50:1) at 37°C for 20 h. Then the ICAT-labeled peptides were purified using the kit of ICAT™ Avidin Buffer Pack and Avidin Affinity Cartridge (Applied Biosystems) according to the manufacturer's guidelines. Briefly, the peptide mixture was dried by vacuum centrifuge and resolubilized in the loading buffer of the kit. The peptide mixture was loaded in the Avidin Affinity Cartridge and washed twice with two kinds of wash buffer to reduce the salt concentration and remove nonspecifically bound peptides. Then the ICAT-labeled peptides were eluted with the elution buffer and dried by vacuum centrifuge. The dried peptides were cleaved of the biotin portion of the ICAT reagent with the cleaving reagents at 37°C for 2 h. Then the ICATlabeled peptides were dried by vacuum centrifuge and resolubilized in 0.1% formic acid for 2D-LC-MS/MS analysis.
2D-LC-MS/MS-Orthogonal 2D-LC-MS/MS was performed using a ProteomeX Work station (Thermo Finnigan, San Jose, CA). The system was fitted with a strong cation exchange column (320 m inner diameter ϫ 100 mm, DEV SCX; Thermo Hypersil-Keystone) and two C18 reversed-phase columns (RP, 180 m ϫ 100 mm, BioBasic® C18, 5 m; Thermo Hypersil-Keystone). The salt steps used were 0, 25, 50, 75, 100, 150, 200, 400, and 800 mM NH 4 Cl synchronized with nine 140-min RP gradients. RP solvents were 0.1% formic acid in either water (A) or ACN (B). The setting of the LCQ Deca Xplus ion-trap mass spectrometer is as following. One full MS scan was followed by three MS/MS scans on the three most intense ions from the MS spectrum according to such a dynamic exclusion setting: repeat count, 1; repeat duration, 0.5 min; exclusion duration, 3.0 min.
Database Searches-The acquired MS/MS spectra were automatically searched against the combined human, mouse, and rat nonredundant database (NCBI (www.ncbi.nlm.nih.gov), 12/04/2003 released) using the TurboSEQUEST program in the BioWorks™ 3.1 software suite. An accepted SEQUEST result had to have a ⌬Cn score of at least 0.1 (regardless of charge state). For ICAT analysis, protein identification and quantification was achieved by using SE-QUEST and EXPRESS software tools. Peptides with a ϩ1 charge state were accepted if they were fully tryptic and had a cross correlation (Xcorr) of at least 1.5. Peptides with a ϩ2 charge state were accepted if they had an Xcorr Ͼ2.0. Peptides with a ϩ3 charge state were accepted if they had an Xcorr Ͼ2.5. Then the peptides were further analyzed manually by detailed spectral analysis for confirmation of protein identification and quantification as described by Han et al. (48) .
Bioinformatics . SIB BLAST2 Network Service (us.expasy.org/tools/blast/) was used for novel protein blast against the UniProt knowledgebase (Swiss-Prot ϩ TrEMBL ϩ TrEMBL_NEW).
RESULTS

Proteins Identification and Quantification
Rat liver CM were prepared using conventional differential centrifugation and were further purified with a Nycodenz gradient to obtain PM. One hundred micrograms of the CM or PM protein sample were labeled with ICAT-light and ICAT-heavy reagent, respectively. After 2D-LC-MS/MS analysis, the MS/MS spectra were searched against the combined human, mouse, and rat nonredundant database using the program SEQUEST. Protein identification and quantification was achieved by using SEQUEST and EXPRESS software tools (see "Experimental Procedures" for details).
A total of 169 different proteins were identified and quantified from 755 cysteine-containing peptides (253 unique peptides) including 398 ϩ2 charge peptides with Xcorr Ͼ2.0, and 355 ϩ3 charge peptides with Xcorr Ͼ2.5. All the peptides have a ⌬Cn score of at least 0.1 (regardless of charge state). Only two peptides with a ϩ1 charge were identified, with an Xcorr of 1.58 and 1.99, respectively.
For the 169 proteins, 69.8% (118/169) proteins were identified and quantitated on the basis of at least one ϩ2 charge peptide with Xcorr Ͼ2.5 and ⌬Cn Ͼ0. 15 Table I ).
According to physicochemical characteristics analysis, the 169 proteins (Table I ) include 22 (13.0%) proteins with molecular mass Ͼ100 kDa, 22 (13.0%) proteins with pI value Ͼ9.0, 23 (13.6%) hydrophobic proteins with GRAVY value Ͼ0, and 20 (11.8%) proteins with one or more predicted transmembrane (TM) domain (Fig. 1) , which indicate the ICAT analysis performed by 2D-LC-MS/MS have little limitations for identification of proteins with extreme size and charge values, and even hydrophobic and membrane proteins, which is consistent with our former 2D-LC-MS/MS analysis of rat liver subcellular fractions (29) .
The relative quantification of each peptide was determined by the ratio of signal intensities of peptide pairs using the Express software tool (see Ref. (Fig. 2) . Considering that the protein or peptide abundance might influence many steps in the ICAT analysis such as ICAT reagent labeling, peptide enrichment and elution in the Avidin Affinity Cartridge, peptide separation in 2D-LC, and peptide ionization and detection by MS, the ratio of PM:CM might reflect synthetically the mitochondria purification effect, protein abundance, and multilocation influence. The relative low ratio such as PM:CM of 1.0ϳ1.5 might implicate proteins with high abundance or mitochondria-associated multilocation, while the relative high ratio such as PM:CM Ͼ4.0 or more might implicate proteins with low abundance. Thus, the 169 proteins were classified into two groups of PM:CM Ͼ1.0 and PM:CM Ͻ1.0 in the following analysis.
Subcellular Location of the Identified Proteins
Swiss-Prot Annotation-As shown in Table I proteins without subcellular location annotation, 22 (27.8%) of them have been annotated as extracellular or secreted proteins, 9 (11.4%) as endoplasmic reticulum, 6 (7.6%) as cytoplasmic, 5 (6.3%) as peroxisomal, 5 (6.3%) as lysosomal, 4 (5.1%) as ribosomal, 2 (2.5%) as nuclear, and 1 (1.3%) as caveolae, membrane, Golgi complex, and cytoskeletal, respectively (Fig. 3A) . Only two multilocation proteins have been associated with mitochondria (Table I) . Delta-3,5-␦2,4-dienoyl-CoA isomerase with the ratio of PM:CM being 0.22 has been annotated as mitochondrial and peroxisomal, and 14.5-kDa translational inhibitor protein with the ratio of PM:CM being 0.67 has been annotated as mitochondrial, cytoplasmic, and nuclear. On the contrary, for the 90 proteins with a ratio of PM:CM Ͼ1.0, 17 (18.9%) proteins have been annotated as mitochondrial, 20 (22.2%) as mitochondrial matrix, 6 (6.7%) as mitochondrial inner membrane, 3 (3.3%) as mitochondrial intermembrane space, and 2 (2.2%) as mitochondrial outer membrane (Fig. 3B) . Four mitochondria-associated multilocation proteins have a ratio of PM:CM Ͼ1.0 (Table I) . Long-chain acyl-CoA synthetase 2 (LACS 2) (1.13 Ϯ 0.03) has been annotated as microsomes, outer mitochondrial membrane, and peroxisomal membrane. Nonspecific lipid-transfer protein (with the ratio of PM:CM being 1.25) has been annotated as cytoplasmic and mitochondrial. Peroxiredoxin 5 (1.42) has been annotated as mitochondrial, peroxisomal, and cytoplasmic. Tyrosine-protein kinase JAK3 (2.61) has been annotated as wholly intracellular, possibly membrane associated.
ICAT Analysis of Rat Liver Mitochondria with Different Purity
As expected, all the annotated mitochondrial proteins have a ratio of PM:CM Ͼ1.0, indicating their enrichment in PM fraction, while most proteins annotated as other organelles such as endoplasmic reticulum, cytoplasmic, lysosomal, ribosomal, nuclear, Golgi complex, caveolae, cytoskeletal, and membrane, and some apparent contaminant proteins such as some extracellular or secreted proteins, for example, serum albumin (0.30 Ϯ 0.13) and plasminogen (0.49), all have a ratio of PM/CM Ͻ1.0, indicating their decrease in PM fraction. Thus, using such a comparative proteomics research, mitochondrial proteins have been effectively distinguished from other contaminant proteins.
Bioinformatics Prediction-The five bioinformatics tools, PSORT II, SubLoc, TargetP, MitoProtII, and Predotar, have been used to predict subcellular location of the 169 proteins, respectively. For the overview prediction, PSORT II and SubLoc are used in the winner-takes-all mode without setting a specificity cut-off for targeting. TargetP (mTP), MitoProtII, and Predotar predict proteins as mitochondrial based on a probability cut-off of Ͼ0.50 (Fig. 2, Table I ).
For the 79 proteins with a ratio of PM:CM Ͻ1.0, PSORT (Table III) .
As we can see, the prediction results also indicate the ICAT analysis has effectively distinguished mitochondrial proteins from possible contaminant proteins. At the same time, the difference among the results from the bioinformatics prediction, Swiss-Prot annotation, and ICAT analysis may result from the limitations of the bioinformatics tools (45), protein multilocation, and even the faulty of Swiss-Prot database.
Proteins with Subcellular Location Annotation not in Accordance with ICAT Analysis-Nine proteins that have been annotated as nonmitochondrial in Swiss-Prot have a ratio of PM:CM Ͼ1.0 (Table I) . They include quinone oxidoreductase (-crystallin) (1.46 Ϯ 0.21) that was annotated as cytoplasmic, AP endonuclease 1 (4.55) annotated as nuclear, and catalase (1.41 Ϯ 0.26), ATP-binding cassette sub-family D member 3 (1.75), peroxisomal multifunctional enzyme type 2 (MFE-2) (1.46 Ϯ 0.37), NADP-retinol dehydrogenase (1.38 Ϯ 0.03), and 2-hydroxyphytanoyl-CoA lyase (2.72), which were annotated as peroxisomal.
Catalase, a scavenger of H 2 O 2 , has been long known as the most abundant matrix protein within peroxisomes (52) . However, the presence of catalase in rat heart mitochondria was demonstrated by biochemical and immunocytochemical analysis (53) . Yeast catalase A (Cta1p) contains two peroxisomal targeting signals localized at its carboxyl terminus (SSNSKF) and within the N-terminal third of the protein, which both can target foreign proteins to peroxisomes. It has been more recently demonstrated that Cta1p can also enter mitochondria, although the enzyme lacks a classical mitochondrial import sequence. Peroxisomal and mitochondrial coimport of catalase A were tested qualitatively by fluorescence microscopy and functional complementation of a ⌬cta1 null mutation, and quantitatively by subcellular fractionation followed by Western analysis and enzyme activity assays (54) . More interestingly, in the proteomic analysis of the rat liver peroxisome obtained by differential centrifugation and further purified by density gradient and by immunopurification, according to the SDS-PAGE band intensity, the amount of the most abundant matrix protein, catalase, seemed to decrease, while the band corresponding to another major matrix protein, uricase, clearly increased in its intensity (37) . In addition, in the rat liver subcellular fractions obtained with one-step subcellular fractionation using a Nycodenz density gradient prepared by freezing-thawing, catalase has shown more abundance in the mitochondria fraction than in the peroxisome fraction according to Western blotting detection though catalase was used as a peroxisome marker protein (55) . In the present study, catalase has been quantified according to two unique peptides and has a ratio of PM:CM as 1.41 Ϯ 0.26 (Supplemental Fig. 1 ), which confirm its mitochondrial targeting and further implicate its abundance may be higher in rat liver mitochondria than in peroxisome (37, 55) .
Mutations of mitochondrial DNA (mtDNA) are associated with different human diseases, including cancer and aging (11, 12) . Reactive oxygen species produced during oxidative phosphorylation are a major source of mtDNA damage. APE/ Ref-1 is a nuclear protein possessing both redox activity and DNA repair activity over apurinic/apyrimidinic sites. Immuno (56) . In the present study, the ICAT ratio of PM:CM for AP endonuclease 1 is up to 4.55 (Supplemental Fig. 2 ), which also indicate its location in mitochondrial and may further implicate its low abundance in mitochondria.
Known Proteins Without Subcellular Location Annotation in the Swiss-Prot Database-Twelve proteins are known proteins without subcellular location annotation in the Swiss-Prot database (Table I) . Fortunately, many of them have been reported about their subcellular locations that are consistent with our ICAT analysis results (57) (58) (59) (60) . For example, bile acid CoA:amino acid N-acyltransferase (BAT) is responsible for the amidation of bile acids with the amino acids taurine and glycine. Immunoblot analysis of rat tissues detected rat liver BAT (rBAT) only in rat liver cytosol prepared with homogenization and ultracentrifugation. Subcellular localization of rBAT detected activity and immunoreactive protein in both cytosol and isolated peroxisomes (57) . Rat bile acid CoA ligase (rBAL), the enzyme responsible for the formation of bile acid CoA esters, was detected only in rat liver microsomes (57) . In the present study, bile acid CoA ligase and bile acid-CoA: amino acid N-acyltransferase have a ratio of PM:CM as 0.66 Ϯ 0.09 and 0.71 Ϯ 0.25, respectively.
Novel Proteins-Thirty-seven novel proteins have been identified in the ICAT analysis. SIB BLAST2 Network Service (us.expasy.org/tools/blast/) was used for novel protein blast against the UniProt knowledgebase (Swiss-Prot ϩ TrEMBL ϩ TrEMBL_NEW). Twenty-one novel proteins show high identities (Ͼ70%) with known proteins, respectively, most of which with subcellular location annotation consistent with ICAT analysis results (Supplemental Table II Ն n/Rϩ indicated that a protein with Ratio_PM/CM Ն 1.00 were predicted as a mitochondrial protein by at least n of the five bioinformatic stools. BT ϭ 0/RϪ indicated that a protein with Ratio_PM/CM Ͻ1.00 were predicted as a mitochondrial protein by none of the five bioinformatics tools. being 2.37, has been just confirmed as choline dehydrogenase and localized in mitochondrial (61) . The novel protein XP_214838.1 predicted as mitochondrial protein by four bioinformatics tools, with ratio of PM:CM being 1.96, shows 88% identities with human HSCO protein, which has just been renamed as "ETHE1" and localized in mitochondrial matrix (62) . Thirteen novel proteins have a ratio of PM:CM Ͻ1.0, in which 10 (76.9% ,10/13) proteins have been predicted as nonmitochondrial by all the five bioinformatics tools (BT ϭ 0) and are strongly implicated as nonmitochondrial proteins (Table II). For the 24 novel proteins with a ratio of PM:CM Ͼ1.0, 14 (58.3%) proteins have been predicted as mitochondrial by at least one bioinformatics tools (BT ϭ 1), in which 7 (29.2%) proteins have been predicted as mitochondrial by at least three bioinformatics tools.
Functional Classification
The 169 proteins are categorized according to Swiss-Prot functional annotation (Fig. 4) . As we know, many physiological activities such as amino acid metabolism, fatty acid metabolism, glycolysis, urea cycle, transcription, and replication are fulfilled in or associated with multi-organelles including mitochondria. It is not surprising to find proteins involved in those activities distribute in the two groups of proteins with a ratio of PM:CM Ͻ1.0 or Ͼ1.0. As expected, proteins involved in the oxidative phosphorylation (such as ATP synthase D chain and ␥ chain, NADH-ubiquinone oxidoreductase 13-kDa-A subunit and 24-kDa subunit, ubiquinol-cytochrome c reductase complex 11-kDa protein and core protein 2, electron transfer flavoprotein-ubiquinone oxidoreductase, and electron transfer flavoprotein ␣-subunit), the tricarboxylic acid (TCA) cycle (such as succinyl-CoA ligase ␣-chain and ␤-chain, isocitrate dehydrogenase, and malate dehydrogenase), and ketone body metabolism (such as HMG-CoA synthase and acetoacetyl-CoA thiolase), all have a ratio of PM:CM Ͼ1.0 (Fig. 4B) . On the other hand, proteins that function in interactions between cells and the extracellular matrix (such as ␣-1 catenin, sulfated glycoprotein 1 precursor (SGP-1), fibronectin, thrombospondin 2, and basigin), blood coagulation or fibrinolysis (such as plasminogen and prothrombin), bile acid metabolism (such as bile acid CoA ligase and bile acid-CoA:amino acid N-acyltransferase), and ribosomal proteins (such as 60S ribosomal protein L10a (CSA-19), L30, L12, and 60S acidic ribosomal protein P1), all have a ratio of PM:CM Ͻ1.0 (Fig. 4A) .
As we can see, in accordance with multifunction of mitochondria (7-13), proteins with a ratio of PM:CM Ͼ1.0 include many proteins that function in amino acid metabolism, fatty acid metabolism, glycolysis, the oxidative phosphorylation, the TCA cycle, ketone body metabolism, urea cycle, and transcription and replication. Moreover, many novel proteins have been implicated their mitochondrial location.
Evaluation of the Efficiency to Ascertain Mitochondrial Proteins by ICAT Analysis and a Series of Bioinformatics Tools
The 125 proteins with subcellular location information have been used as a test dataset to evaluate the efficiency to ascertain mitochondrial proteins by ICAT analysis and the five bioinformatics tools (Table II) . When PSORT II and SubLoc are used in the winner-takes-all mode without setting a specificity cut-off for targeting, the sensitivity and specificity to predict mitochondrial proteins is 0.50 and 0.89 for PSORT and 0.60 and 0.67 for SubLoc, respectively. Based on a probability cut-off of Ͼ0.50, the sensitivity and specificity to predict mitochondrial proteins is 0.73 and 0.76 for TargetP (mTP), 0.83 and 0.70 for MitoProtII, and 0.73 and 0.60 for Predotar, respectively. Moreover, TargetP (mTP) and MitoProtII show increased specificity based on the probability cut-off of Ͼ0.70 or Ͼ0.85, while Predotar shows low specificity even if based on the probability cut-off of Ͼ0.85 or Ͼ0.95.
For ICAT analysis, according to the ratio of PM:CM Ͼ1.0, the sensitivity and specificity to ascertain mitochondrial proteins is 1.00 and 0.79, respectively, almost higher than every bioinformatics tools. Moreover, according to the ratio of PM:CM Ͻ1.0, the sensitivity and specificity to ascertain nonmitochondrial proteins is 0.90 and 0.97, respectively, also higher than every bioinformatics tools based on a probability cut-off of Ͻ0.50. So ICAT analysis, as a high-throughput proteomics experimental strategy, has shown great superiority in ascertaining mitochondrial proteins than the most widely used bioinformatics tools such as PSORT, SubLoc, TargetP, MitoProtII, and Predotar.
The different sensitivity and specificity of the bioinformatics tools would favor in combinational usage of those bioinformatics tools to predict mitochondrial proteins. In the test dataset, prediction based on at least one bioinformatics tool (BT ϭ 1) shows sensitivity high up to 0.88 with specificity as 0.53. At the same time, the more bioinformatics tools used combinationally, the higher specificity for the prediction of mitochondrial proteins. For prediction based on all the five bioinformatics tools (BT ϭ 5), the specificity is high up to 1.00. Interestingly, when in combination with the ICAT analysis, the specificity increased from 0.53 to 0.86 for the prediction based on at least one bioinformatics tool (BT ϭ 1).
DISCUSSION
More recently, the combination of LC, stable ICAT, and MS/MS has emerged as an alternative quantitative proteomics technology (47) . In ICAT analysis, two pools of proteins, labeled with light and heavy reagent, respectively, are chemically identical and therefore serve as a good internal stand for accurate quantification. The method has been proved complementary to traditional 2D-PAGE (63, 64) and widely applied in comparative proteomics research such as quantification of microsomal proteins in differentiated versus undifferentiated HL-60 cells and quantification of protein expression in rat myc-null cells versus myc-plus cells (48, 65) .
In the present study, we apply such a high-throughput comparative proteomic experimental strategy, the ICAT technique, to analyze rat liver mitochondria fractions with different degrees of purity, prepared with traditional centrifugation or further purified with a Nycodenz gradient, in the aim to ascertain mitochondrial proteins and distinguish contaminant proteins.
A total of 169 different proteins were identified and quantified convincingly. Ninety proteins have a ratio of PM:CM Ͼ1.0, while 79 proteins have a ratio of PM:CM Ͻ1.0. According to Swiss-Prot annotation, bioinformatics prediction, and literature reports, almost all the proteins with a ratio of PM:CM Ͼ1.0 are mitochondrial proteins, while proteins annotated as extracellular or secreted, cytoplasmic, ribosome, endoplasmic reticulum, and lysomal have a ratio of PM:CM Ͻ1.0 ( Figs.  2 and 3 ; Table I ). Thus, such a comparative proteome experimental strategy has been proven effective in ascertaining mitochondrial proteins in a high-throughput way. Many novel proteins, known proteins without subcellular location annotation and even known proteins that have been annotated as other locations have been strongly indicated for their mitochondrial location. Especially, protein catalse and AP endonuclease 1, which have been known as peroxisomal and nuclear, respectively, have shown a ratio of PM:CM Ͼ1.0 (1.41 Ϯ 0.26 and 4.55, respectively) (Supplemental Figs. 1 and  2 ), confirming the reports about their mitochondrial location (37, (53) (54) (55) (56) . Functional study of those proteins will promote our understanding on mitochondria structure and function.
In all eukaryotic cells, peroxisomes and mitochondria share a great variety of enzymatic reactions that are catalyzed by isozymes present in both organelles. For some of these enzymes it is known that they can be cotargeted to different organelles, for example, ␦3,5-␦2,4-dienoyl-CoA isomerase and long-chain acyl-CoA synthetase 2 (LACS 2), which are responsible for fatty acid ␤-oxidation, have been annotated as multilocation in both mitochondria and peroxisome. A most recent example for such a cotargeting has been given for the yeast peroxisomal citrate synthase Cit2p, an enzyme of the TCA cycle that contains a cryptic amino-terminal signal sequence that functions in both peroxisomal and mitochondrial targeting (66) . Besides enzymes that catalyze related reactions within the fatty acid ␤-oxidation, TCA, and the glyoxylate cycle, enzymes involved in the detoxification of oxygen radicals are also present in both peroxisome and mitochondria. Peroxiredoxins (Prxs) form a recently discovered large family of antioxidant enzymes that act as peroxidases reducing hydrogen peroxide and alkyl hydroperoxides to water or the corresponding alcohol, respectively (67) . Peroxiredoxin 5 has been annotated as mitochondrial, peroxisomal, and cytoplasmic. In the present study, in addition to catalase, ATP-binding cassette subfamily D member 3 (1.75), peroxisomal multifunctional enzyme type 2 (MFE-2) (1.46 Ϯ 0.37), NADP-retinol dehydrogenase (1.38 Ϯ 0.03), and 2-hydroxyphytanoyl-CoA lyase (2.72), which were annotated as peroxisomal, all have a ratio of PM:CM Ͼ1.0 and have been implicated their location in mitochondria as multilocation proteins.
Comparison of the results from the five bioinformatics tools and Swiss-Prot annotation and ICAT analysis have shown the limitations of the bioinformatics tools (45) and even the faulty nature of Swiss-Prot annotation (Fig. 2 , Table II ). The ICAT analysis coupled with combinational usage of different bioinformatics tools can effectively ascertain mitochondrial proteins with high sensitivity and specificity (Table II) . Moreover, the inconsistence between ICAT analysis and bioinformatics prediction could implicate mitochondria-associated multilocation. For example, in the present study, ␦3,5-␦2,4-dienoylCoA isomerase and 14.5-kDa translational inhibitor protein, with the ratio of PM:CM Ͻ1.0 (0.22 and 0.69, respectively), have been predicted as mitochondrial proteins by two and four bioinformatics tools, respectively. AP endonuclease 1 and catalase, which have been predicted as nonmitochondrial proteins by all five bioinformatics tools, have a ratio of PM:CM as 4.55 and 1.41 Ϯ 0.26, respectively. All four proteins have been annotated as mitochondria-associated multilocation proteins according to Swiss-Prot database or literature reports (37, (53) (54) (55) (56) .
In summary, we have applied a high-throughput comparative proteome experimental strategy, the ICAT approach performed with 2D-LC-MS/MS, coupled with combinational usage of different bioinformatics tools, to study the proteome of rat liver mitochondria, with the major problem of contamination in subcellular proteomics research effectively circumvented. Concerning the limitation of the ICAT approach for analyzing proteins lacking cysteine residues, acidic proteins, or proteins with low molecular mass (63, 64) , other comparative proteomics approaches, such as traditional 2D-PAGE, DIGE (68, 69) , and stable isotope labeling with amino acids in cell culture (SILAC) (70, 71) , should be used as complementary methods. Such a comparative proteomics strategy should be widely used in subcellular proteomics research to provide more subcellular proteome data with high quality. 
